Vibrational energy relaxation is a process of equilibration among excited vibrational states.^[@ref1]^ Such processes are of fundamental importance to molecular dynamics: after photoexcitation, vibrational energy relaxation dissipates excess vibrational energy, a process indicated by wavy arrows in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. Internal conversion between donor and acceptor electronic states can also populate high-lying vibrational acceptor states that will relax to their respective equilibrium configuration. Both processes, photoexcitation between electronic ground- and displaced excited- states and internal conversion between states with large zero-energy differences, are found in carotenoids.^[@ref2]^

![Energy level scheme describing electronic (dashed horizontal lines) and vibrational (wavy vertical lines) energy relaxation in carotenoids along a reaction coordinate *q*. Colored vertical arrows indicate allowed electronic transitions. Electronic states are labeled in ket-notation, while vibrational levels on electronic ground and excited state are denoted by primes and double-primes, respectively. The gray curve depicting the S~m~ state is shown for completeness and not included in the calculations.](jz-2016-01455a_0001){#fig1}

Chlorophylls and carotenoids are the two molecular building blocks of photosynthetic light harvesters. Carotenoids harvest the blue-green spectral components of solar radiation, and also quench long-lived states of chlorophylls to avoid the formation of singlet oxygen, a potentially harmful species. These multiple roles are linked to the unusual dynamic and spectroscopic properties of carotenoids that are the subject of an ongoing scientific debate.^[@ref3]^ Their polyenic backbone holds a delocalized π-electron system, which explains the intense lowest lying absorption band, typically in the 400--500 nm range. Remarkably, this transition is between ground and second electronic excited singlet state, S~0~ → S~2~, while the S~0~ → S~1~ transition is optically forbidden due to symmetry reasons, at least in an idealized *C*~2*h*~ symmetry.^[@ref4],[@ref5]^ Besides these unusual spectroscopic properties, the population dynamics of carotenoids are also noteworthy: in contrast to other systems with conjugated π-electrons, electronic excited states in carotenoids deactivate back to ground state rapidly, with an S~2~ to S~1~ transfer time of sub-200 fs and S~1~ to S~0~ transfer ranging from hundreds of femtoseconds to tens of picoseconds, all depending on chain length.

The electronic states depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} explain most but not all features of spectrally resolved pump--probe measurements. Andersson and Gillbro^[@ref6]^ were the first to describe a blue-detuned long-lived shoulder on the excited state absorption (ESA) of S~1~, which cannot be understood by just three electronic levels (S~0~, S~1~, S~2~). Depending on chain length, the lifetime of this feature, usually denoted as the S\* signal, may exceed that of S~1~ substantially and hence cannot stem from the same electronic state. In this work, we investigate a long-chain homologue of zeaxanthin, called Zea15, with 15 conjugated double bonds (*N* = 15; see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The short S~2~ lifetime of Zea15 of sub-100 fs explains why the S\*-related shoulder near 17.000 cm^--1^ is already observed at a population time of 100 fs, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The dominant feature at 100 fs is the S~1~ → S~n~ ESA, peaking at 16.000 cm^--1^. In agreement with the reported^[@ref7]^ lifetimes of S~1~ and S\* of 0.9 and 2.9 ps, respectively, the relative amplitude of the S\* signal grows with population time to outweigh the S~1~ signal at 3 ps.

![Slices through the spectrally resolved pump--probe spectrum of zeaxanthin 15 (Zea15; see top) at indicated population times. Experimental data are taken from ref ([@ref7]) and normalized to the highest value at 500 fs (40 mOD). The spike in experimental data (circles) near 18.000 cm^--1^ is due to scattered pump light. The red line shows simulation results as discussed in the text.](jz-2016-01455a_0002){#fig2}

We note that the time-resolved data for Zea15 with its typical S\* signature have been published previously. In the work by Staleva et al.,^[@ref7]^ zeaxanthin and three homologues were studied to obtain the chain-length dependence of spectroscopic and dynamic properties of otherwise identical carotenoids. However, the authors were unable to assign the S\* signature to either the excited state or the hot ground state unequivocally. The main focus of this work is the formulation of a unified model for S\*, which incorporates all major reported findings related to this elusive state.

At present, there are several competing explanations for S\*. In 2001, Gradinaru et al.^[@ref8]^ considered S\* as an additional electronic state similar to but different from S~1~. It was proposed that S\* is an energy donor for bacteriochlorophylls in light harvesting complexes^[@ref9]^ and also serves as a triplet-precursor state,^[@ref8]^ which is a conclusion that has been challenged recently.^[@ref10]^ Frank and co-workers^[@ref11]^ also interpreted S\* as an electronic excited state, but rather as the product of photoisomerization on S~1~. This was later drawn into question, based on experiments showing different temperature dependence of S\* and S~1~, which is unexpected for photoinitiated excited state isomerization.^[@ref12]^ The finding that S\* can be "frozen out" is central to the so-called inhomogeneous ground state model,^[@ref13]^ in which S~1~ and S\* are both first electronic excited singlet states, but of different molecular species, represented by isomers with altered end group rotation.^[@ref14]−[@ref17]^ An alternative interpretation of pump--probe^[@ref18]−[@ref21]^ and pump-degenerate four wave mixing data^[@ref22],[@ref23]^ explains S\*-related features by a vibrationally hot ground state, hot S~0~. Within this hypothesis, it is important to differentiate two distinct mechanisms of addressing hot S~0~. Based on pump-deplete-probe experiments, Motzkus and co-workers suggested that hot S~0~ is populated by the pump-pulse via impulsive stimulated Raman scattering.^[@ref20],[@ref24]^ A bandwidth-dependent study by Jailaubekov and others ruled out this mechanism by showing that the S\* signatures occur regardless of the employed excitation bandwidth.^[@ref25]^ Lenzer and co-workers^[@ref26]−[@ref28]^ argued that S\* is populated in a sequential scheme such as S~2~ → hot S~1~ → S~1~ → hot S~0~ → S~0~, which is the essence of the model depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. Such a deactivation scheme is, however, in contrast to earlier studies using global target analysis (GTA),^[@ref13],[@ref29],[@ref30]^ in which the initially excited population on S~2~ splits to form both S~1~ and S\*. The latter then shows a rise time of a few hundred femtoseconds, which seems irreconcilable with a sequential scheme proposed by Lenzer and co-workers.^[@ref26]^ In a vibrational energy relaxation approach (VERA), we showed earlier that a rigorous treatment of vibrational relaxation and vibronic transitions on S~1~ leads to S\*-like spectral signatures.^[@ref31]^ This approach was successfully applied to β-carotene, where lifetimes of S\* and S~1~ are similar, but fails if the lifetimes of these two states are significantly different, as found for longer chain carotenoids. In this work, we extend our previous model to treat vibrational relaxation explicitly on both S~1~ and S~0~. We show how this extension of VERA enables one to explain the S\* signal in Zea15 as the results of vibronic transitions from vibrationally excited levels in the electronic ground state. Additionally, we demonstrate how, within this framework, experimental results from pump-deplete-probe, GTA, as well as chain-length dependent studies are easily incorporated.

The basics of VERA were described in detail previously.^[@ref31]^ Briefly, we consider four electronic states \|S~0~⟩, \|S~1~⟩, \|S~2~⟩ and \|S~n~⟩ with two high-frequency harmonic vibrational modes at 1522 and 1156 cm^--1^ coupled to the electronic transitions depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. While the frequency value taken for the C=C mode, 1522 cm^--1^, is a good estimate for standard zeaxanthin,^[@ref32]^ it is known that for carotenoids with number of double bonds *N* = 15 this frequency can be approximately 17 cm^--1^ blue-shifted.^[@ref33]^ However, we note that the results presented below are not critically dependent on the choice of C=C stretch frequency value. Transient absorption (TA) spectra are simulated in a simplified third-order response function approach.^[@ref34],[@ref35]^ Within this method, each optical transition involving vibrational levels on different electronic states is assigned a Lorentzian line-shape, multiplied by the respective Franck--Condon factors. Ground state bleaching (GSB), stimulated emission (SE), and ESA spectral components are then calculated as products of line-shapes and transition dipole moments between vibronic states, weighted by time-dependent population factors. As an example, the evolution of ESA from S~1~ is described by the transitions between all the vibrational levels on S~1~ and all the levels on S~n~ weighted by the populations of S~1~ levels at any given pump--probe delay time.^[@ref36]−[@ref38]^ As we compare modeling to experimental data obtained with a time-resolution of around 100 fs, faster processes such as ESA from S~2~ are not considered. Internal conversion between electronic states as well as vibrational relaxation within a given electronic manifold are described by a density matrix and originate from phonon-induced off-diagonal fluctuations in the system's Hamiltonian, which is given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b01455/suppl_file/jz6b01455_si_001.pdf) (SI). These fluctuations are described by the bath spectral densities employing the overdamped Brownian oscillator model, which is parametrized by the reorganization energy and the relaxation time-scale.^[@ref39]^ Both static (curve displacements, line-widths and transition energies) and dynamical parameters (reorganization energies in particular) are obtained by fitting TA and absorption data and are summarized in [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b01455/suppl_file/jz6b01455_si_001.pdf).

The fitting procedure leads to the red lines in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, in near-quantitative agreement with experimental results, shown as open circles (taken from the measurement by Staleva et al.^[@ref7]^) We emphasize that VERA including vibrational relaxation on both S~1~ and S~0~ readily yields the S\*-related shoulder near 17.000 cm^--1^, despite the fact that no extra state besides S~1~ is part of our model shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. It is noteworthy that various vibrational spectroscopic techniques report a 1750 cm^--1^ C=C stretching mode on S~1~, a fingerprint of the S~1~ state,^[@ref15],[@ref40],[@ref41]^ yet we do not find its inclusion critical to the model. The near-perfect agreement between experiment and theory as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} is encouraging, yet a direct link between S\* and vibrationally hot ground state can be drawn by a simple, straightforward comparison. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows an experimental TA signal at 5 ps along with absorption spectra of vibrationally excited species.

![Comparison between experimental TA data at 5 ps (black line) to a vibrationally relaxed absorption spectrum (light blue) and absorption spectra of vibrationally excited species (red and orange). The latter coincide with the S\*-related features in the TA data.](jz-2016-01455a_0003){#fig3}

The light blue filled curve in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} is the absorption spectrum at thermal equilibrium. The TA signal shown in black was taken at a population time of 5 ps, at which the S~1~ state has already fully decayed, given its lifetime of 0.9 ps, making S\* the only remaining species with a lifetime of 2.9 ps. The TA data was cut at 17.600 cm^--1^ to exclude GSB signals. The experimental data coincide almost perfectly with the absorption spectra of vibrationally excited species, shown as red and orange lines in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The two curves are thus ESA spectra from the indicated vibrationally excited states. Linking S\* to vibronic transitions from vibrationally excited ground states explains the absence of S\* → S~2~ absorption in the NIR,^[@ref42]^ while S~1~ → S~2~ is an experimentally verified transition in the 900--1800 nm spectral region.^[@ref43]^ By interpreting S~1~ as an electronic excited state and connecting S\* to vibrationally hot ground states, we can also readily explain inconsistencies in chain-length dependent lifetimes: S~1~ lifetimes scale quasi-linearly with 1/(*N*-1), while the S\* lifetime was only weakly dependent on *N*, as shown by Staleva et al.^[@ref7]^ Within VERA, the S\* lifetime is defined by vibrational relaxation on S~0~, which depends on the strength of system-bath interaction rather than on *N*.

While these explanations are encouraging, the link between S\* and vibrationally excited levels in the electronic ground state disagrees with results from several GTA studies.^[@ref13],[@ref30],[@ref44]^ In one set of reports, the purely sequential deactivation scheme (see [Figure SI 1a](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b01455/suppl_file/jz6b01455_si_001.pdf)) is challenged, and S\* is interpreted as a branching channel from S~1~, competing with relaxation S~1~ → S~0~ (see [Figure SI 1b](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b01455/suppl_file/jz6b01455_si_001.pdf)).^[@ref11],[@ref45]^ Alternatively, S\* is being populated directly by S~2~, i.e., in parallel to S~1~ (see [Figure SI 1c](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b01455/suppl_file/jz6b01455_si_001.pdf)).^[@ref30]^ We tested all three schemes on experimental and on modeled data and found that all of them (sequential, branching on S~1~, branching on S~2~) work equally well on experimental data as shown in the [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b01455/suppl_file/jz6b01455_si_001.pdf), [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a--c. For GTA of simulated data, we find that both the sequential and the branching on S~1~ model give satisfactory results. The latter is surprising, as no such branching channel is part of our theoretical model (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). This leads to the conclusion that for the case of Zea15, success of a certain target model in describing experimental data alone is not strong enough evidence to rule out other schemes. We emphasize that in our model there is no separate S\* state; all S\* signals are attributable to vibronic transitions from long-lived intermediate states. Namely, for longer or shorter carotenoids, the dominant factor behind S\* are vibronic transitions from hot S~0~ or S~1~, as shown previously.^[@ref31]^

Finally, we turn to the discussion of pump-deplete-probe (PDP) experiments in the context of VERA. In a set of experiments by the group around Motzkus,^[@ref20],[@ref24]^ the authors depleted the initially excited S~2~ by an NIR-pulse. The depletion pulse lowered the ESA signal associated with cooled S~1~ but left the S\* signatures largely unaltered. The depletion pulse is driving population out of S~2~, facilitated by an ESA transition in the NIR (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref46]−[@ref48]^ The fact that removal of population from S~2~ only affects S~1~ but not S\* lead to the interpretation that S~1~ must be an electronic excited state, populated via S~2~, while S\* must be populated instantaneously, i.e., by pump pulse-induced Raman-scattering^[@ref49]^ or by two-photon interaction.^[@ref21]^ For both interpretations, the pump pulse has to be spectrally broad in order to populate vibrationally high-lying states on S~0~. Jailaubekov et al.^[@ref25]^ tested this aspect of the hot ground state hypothesis and found that S\* gets populated, regardless of the spectral width of the pump pulse. This finally rules out the interpretation of S\* as an instantaneously populated vibrationally hot ground state, but does not explain the experimental PDP results by Buckup et al.^[@ref20]^ Within VERA, the depletion pulse will not only drive the transition from S~2~ to the higher lying electronic state, but will also stimulate population back down to vibrationally excited levels in S~0~, preferentially to v″ = 7 for Zea15. The effect of depletion into *v*″ = 7 is shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}.

![Effect of depletion at 1000 nm after excitation into S~2~ for Zea15 model data. The black curves show calculated pump--probe (full line, PP) and pump-deplete-probe (PDP, dashed) at 2 ps pump--probe delay. The depletion pulse was set to arrive simultaneously with the pump-pulse. The filled gray line depicts the difference between the full and the dashed curve. ESA from S~2~ to higher lying electronic states is not considered.](jz-2016-01455a_0004){#fig4}

The solid line in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows a spectral cut through the simulated pump--probe signal for Zea15. Parameters and model were the same as for the data shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. Relative intensity and central wavelength of the depletion pulse were chosen to coincide with the parameters given for the experiments by Buckup et al.^[@ref20]^ A spectrally resolved PDP signal is shown as a dashed line in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. As can be seen, the depletion effects are stronger at the peak of the S~1~ signal than at the S\* shoulder. This means that our employed model reproduces the PDP experiments by Buckup et al.,^[@ref20]^ without the need to invoke multiphoton effects. Instead, we find that the NIR pulse populates a vibrationally hot ground state directly, which is the physical basis of S\* in our model. This population is missing in S~1~, leading to the negative signal in the filled gray curve in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. This means that by including NIR transitions to the vibrationally hot ground state, VERA fully explains PDP experimental results. We note that the missing ESA from S~2~ → S~m~ (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) does not affect this interpretation, as depletion to this state is seen as an overall loss channel, which would not affect the ratio between S\* and S~1~ signals and hence leave the shape of the curves in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} unaltered.^[@ref51]^

In summary, we have shown that an in-depth treatment of vibrational energy relaxation allows for a unified description of the ultrafast dynamics in carotenoids. Features previously associated with the intensely debated S\* state are now explained by vibronic transitions from either S~1~ (as shown for β-carotene^[@ref31]^) or from vibrationally excited levels on S~0~ (see Zea15 discussed above). This model readily incorporates results from pump-dump-probe experiments, which were irreconcilable with any previous model for carotenoid energy level schemes. High-level ab initio methods as presently available only for shorter polyenes^[@ref50]^ would serve as a crucial test for the mechanisms proposed in this work.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jpclett.6b01455](http://pubs.acs.org/doi/abs/10.1021/acs.jpclett.6b01455).Results of global (target) analysis, model Hamiltonian, and table of model parameters ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b01455/suppl_file/jz6b01455_si_001.pdf))
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